Background Influenza A viruses circulating in pigs in Brazil are still not characterized, and only limited data are available about swine influenza epidemiology in the country. Therefore, we characterized the hemagglutinin (HA) and neuraminidase (NA) genes of influenza viruses isolated from Brazilian pigs. We also evaluated one case of probable swine-to-human transmission.
Introduction
Influenza A virus (IAV) infection in swine poses a threat to pig production and has important implications for the epidemiology and control of influenza infection in other species. 1 IAVs have an antisense RNA genome that is divided into eight segments, which allows genetic reassortment between different viruses. 2 The viral surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) are the main targets of the host immune response, and they are important for virulence and host specificity. 3 Three subtypes of swine influenza virus (SIV) are currently circulating in the swine population globally: H1N1, H3N2, and H1N2. 1 Influenza A infection in pigs has been well characterized both in the United States and in Europe. 4, 5 The classical SIV (cH1N1), which is similar to the human 1918 pandemic virus, remained antigenic and genetically conserved in the United States until the introduction of an H3N2 virus in 1998. 5 The cocirculation of cH1N1 and the H3N2 virus led to reassortment and resulted in the introduction of the reassorted H3N2, H1N1, 6 and H1N2 subtypes. 7 Reassortant viruses currently endemic in North American swine have combinations of different HA and NA genes with a triplereassortant internal gene (TRIG) cassette formed by the human lineage PB1 gene, the avian lineage PA and PB2 genes, and the classical swine lineage M, NP, and NS genes. 5 A cluster classification best depicts circulating H1 viruses; the a-, b-, and c-clusters are represented by cH1N1-derived subtypes, and the d-cluster is represented by H1 strains carrying an HA gene that is most closely related to human 8 In Europe, an avian-derived virus was the predominant H1N1 strain in swine until the introduction of a human H3N2 virus that led to a genetic reassortment in the mid-1980s. 4 The H1N2 subtype, with human lineage HA and NA genes and other genes from avian-like H1N1 viruses, is also endemic in European pigs. 9 Influenza A virus circulation in Brazilian pigs has been demonstrated by serological studies 10, 11 and some viruses were isolated, 12, 13 but the epidemiology of the infection is still unknown in the country.
After the introduction and spread of the swine-origin pandemic H1N1 virus (pH1N1) in humans in 2009, a number of countries, including Brazil, reported infection in pigs. 12, 14 The pandemic H1N1 has the M and NA genes from avian-like H1N1 Eurasian SIV and the other six genes from the North American triple-reassortant swine lineage. 15 Although influenza A virus infection has already been detected in swine in Brazil, these circulating viruses have not been genetically characterized and subtyped in most cases. 12, 13 Furthermore, the evolutionary and epidemiologic features of IAV strains circulating in pigs in Brazil are still unknown. Therefore, in this study, we genetically characterized the HA and NA genes of 20 influenza viruses isolated from pigs during 2009 and 2010 in five Brazilian states, which together account for more than 50% of the country's pig population.
Materials and methods

Viral samples
Twenty virus isolates from swine lung tissue samples collected in Brazil were used in this study. The viruses were isolated from lung samples sent for routine diagnosis of respiratory disease to a private veterinary diagnostic laboratory during the years of 2009 and 2010. The lung samples were obtained during respiratory disease outbreaks in 13 swineherds located in five Brazilian states: Minas Gerais (Table 1: herds A-F and I-K), São Paulo (Table 1 Minas Gerais/21/2010, and written authorization was given for the use of the sample and information. The sample names, properties, state of origin, host species, year of collection, and GenBank accession numbers are shown in Table 1 .
This study was approved by the Ethics Committee of Universidade Federal de Minas Gerais and followed the legal requirements set by the Genetic Heritage Management Council -CGEN of the Brazilian Ministry of the Environment.
RNA extraction and reverse transcription
Viral RNA was extracted from 140 ll cell supernatant using QIAamp viral RNA mini kit (QIAGEN Inc., Valencia, CA, USA) according to the manufacturer's specifications. Ten microliters of RNA were transcribed to cDNA at 42°C for 60 minutes using 0Á2 lM of Uni12 primer (5′-AGCAAAAG-CAGG-3′), 16 100 U of M-MLV reverse transcriptase (Promega, Madison, WI, USA), 5 ll of 5 9 reaction buffer, 0Á8 mM of each dNTP, 25 U of RNasin ribonuclease inhibitor, and water to a final volume of 25 ll.
HA and NA full-length PCR amplification
Viral isolation was confirmed by real-time RT-PCR using primers for the matrix (M) gene, as described previously. 17 Full-length HA and NA genes were amplified using forward and reverse external primers published by 18 (HAF1 and HAR1778; NAF1 and NAR1413), with 5 ll of 5 9 reaction buffer, 1Á25 U of GoTaq Hot Start DNA Polymerase (5 U/ll; Promega), 2 mM of MgCl2, 0Á2 mM of each dNTP, 0Á2 lM of each primer, 0Á5 lg of cDNA, and nuclease-free water to a final volume of 25 ll. The amplification reaction was performed under the following conditions: denaturation at 94°C for 5 minutes; 30 amplification cycles of denaturation at 94°C for 30 seconds, primer annealing at 60°C for 30 seconds, and extension at 72°C for 3 minutes; and a final extension at 72°C for 7 minutes.
Subsequently, the PCR products were submitted to separate nested PCR reactions using external-internal (HAF1 with HAR952 5′-GRAGGCTGGTGTTTATAG-CACC-3′; NAF1 with NAR815 5′-GGAGCATTCCTCR TAGTGRTAATTAGG-3′) or internal-external (HAF809 5′-CGAAGCAACTGGAAATCTAGTGG-3′ with HAR1778; NAF646 5′-TRAGAACACAAGAGTCWGAATGTG-3′ with NAR1413) primer pairs. Each reaction consisted of 5 ll of 5 9 reaction buffer, 1Á25 U of GoTaq Hot Start DNA Polymerase (5 U/ll; Promega), 2 mM of MgCl2, 0Á2 mM of each dNTP, 0Á1 lM of each primer, 0Á5 lg of cDNA, and nuclease-free water to a final volume of 25 ll. The thermocycling conditions were: denaturation at 94°C for 5 minutes; 30 amplification cycles of denaturation at 94°C for 30 seconds, primer annealing at 60°C for 30 seconds, and extension at 72°C for 1 minute; and a final extension at 72°C for 7 minutes. Nested PCR products were visualized on a 1% agarose gel stained with ethidium bromide.
Sequencing and phylogenetic analysis
The HA and NA genes were sequenced bidirectionally from at least 2 distinct amplification products using a BIGDYE TERMINATOR v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), and reactions were resolved in ABI 3130 DNA Analyzer (Applied Biosystems). Sequences were edited with SEQSCAPE software v2.5 (Applied Biosystems) and aligned using ClustalW. The final sequences were deposited into GenBank under the accession numbers JQ666845-JQ666886 and numbered from 1 to 17 for 2009 viruses and 18 to 20 for 2010 viruses ( Table 1 ). The human and swine influenza virus sequences used for the phylogenetic analysis were obtained from the Influenza virus sequence Database (http://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nphselect.cgi?go=database), comprising well-known pandemic H1N1 sequences, deposited Brazilian sequences, and sequences with high homology to the isolates. The phylogenetic analysis for each gene was conducted using the neighbor-joining evolutionary distance method 19 with the Tamura-Nei model in MEGA 5.01. 20 Bootstrap tests of 1000 replicates were used, and bootstrap values over 70 are indicated at the corresponding node. 20 Nucleotide sequences translation into protein sequences and multiple sequence alignment were performed in MEGA 5.01. Networks were constructed using the neighbor-net method, a distance-based method in SPLITSTREE v4.8 software. 21 In this type of dendrogram, each network is constructed to minimize the distances (or number of mutations) between haplotypes. Haplotype and nucleotide diversity analysis were conducted for samples 1-21 using DNASP software 5.1. 22 Values were calculated as previously described. After visiting a commercial swineherd in Minas Gerais state, Brazil (Table 1 : herd K), during a respiratory disease outbreak, a technician became ill with respiratory symptoms similar to the ones observed in the pigs, which started 3 days after the visit and lasted for 1 week. The technician had no contact with any other swineherd for at least 7 days before and after that visit and had no contact with humans showing respiratory symptoms. The outbreak began in August 2009, when sows and grower pigs showed respiratory clinical signs as described above, which lasted for 1 week. A nasal swab sample was collected from the technician, and influenza H1 virus infection was confirmed by real-time RT-PCR using the CDC protocol, 17 followed by virus isolation (Table 1 : sample A/Minas Gerais/21/2010). Viral isolates from 2 pigs from the same herd had also been obtained (Table 1: 
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Results
Influenza virus isolates
Phylogenetic analysis
For each virus isolate, the HA (1658nt, 32-1689) and NA (1363nt, 25-1387) genes were sequenced. Phylogenetic trees based on the HA and NA genes of the influenza viruses isolated here are shown in Figure 2a ,b respectively, along with other influenza virus reference sequences from GenBank. Both HA and NA genes from all twenty swine isolates and from the human isolate showed high identity (approximately 99%) and clustered with gene sequences from the pandemic H1N1 virus introduced in the human population in 2009. For both genes, H1N1 and H1N2 seasonal swine and human influenza viruses formed a distinct branch from the Brazilian 2009-2010 isolates.
During influenza outbreaks, active viruses may be genetically related to several others from different regions. To take this population-level phenomenon into account, we constructed networks that can illustrate the multiple connections between the viral isolates. Networks based on the neighbor-net method were built with HA and NA sequences from the isolates described in this study and from pandemic H1N1 viruses isolated from humans and swine around the world (Figure 3) . Most of the haplotypes were unique, especially for the HA gene (haplotypic diversity = 0Á952 AE 0Á028; nucleotide diversity = 0Á0049 AE 0Á0008), which presented higher diversity than the NA gene (haplotypic diversity = 0Á962 AE 0Á026; nucleotide diversity = 0Á0034 AE 0Á0006). The networks suggest a common origin for all virus isolates, irrespective of region or host. Furthermore, most of the human and swine isolates appear to have originated from a human-derived ancestral strain ( Figure 3) . Nonetheless, identical haplotypes were found in some cases, mainly among isolates from the same properties ( 
Receptor-binding and antigenic site analysis
We analyzed the viral hemagglutinin subunit 1 protein (HA1) sequences to evaluate the amino acid changes capable of affecting receptor-binding specificity and antigenicity. The HA1 amino acid sequence alignment is shown in Figure 4 . The H1 amino acid numbering of the mature peptide was used. 
Discussion
Pigs have receptors for both human and avian influenza viruses in their respiratory tracts and thus play an important role for interspecies transmission. They are considered a "mixing vessel" in which reassortment can occur, producing novel viruses to which the human population is naive. 27 In Brazil, aside from a case report of pandemic H1N1 2009 virus infecting pigs in the south region, 12 no detailed genetic or epidemiologic characterization has been reported. Therefore, this is the most comprehensive study on the molecular characterization of influenza viruses infecting pigs in different states in Brazil.
Our results indicate that influenza virus was widely spread in swine in Brazil during 2009-2010 and is associated with clinical illness in pigs of various ages. Isolates were sampled from pigs showing influenza-like signs similar to those observed during seasonal outbreaks and in previous reports of pandemic infection. 28 All of the Brazilian swine influenza isolates described here clustered with the pandemic H1N1 influenza viruses. Thus, pandemic H1N1 virus circulated in pigs at least during 2009 and 2010, and it continued to circulate in the Brazilian swine population even when viral activity in humans was low.
Host immune pressure is thought to be the main selective force driving amino acid substitutions, which may lead to antigenic drift, and HA is the main target of neutralizing antibodies. 29 As expected, genetic diversity in the HA gene of swine isolates was higher than in the NA gene, although all isolates clustered within the H1N1 pandemic clade. Several samples that came from the same herd were identical, indicating within-herd viral dissemination. These findings also support the hypothesis that immune pressure for viral mutation in pigs might be lower due to the constant introduction of naive animals into a herd. 30 However, some amino acid substitutions were found at antigenic sites in Brazilian swine isolates, mainly at Ca and Cb antigenic sites, but the effect on the antigenicity of these viruses is unknown.
The constructed networks were used to provide insights upon the several possible ancestral relationships among haplotypes. Both the HA and NA dendrograms show that the pH1N1 isolates from distinct parts of the world are related to each other with a relatively small distance and share a single common origin, as expected for a pandemic outbreak. 31 The observation that most of the human-and swine-derived isolates appear to have originated from human-derived isolates is also consistent with a higher frequency of humanto-human and human-to-swine transmission compared with zoonotic swine-to-human transmission. 15 Indeed, reports on the 2009 pandemic outbreak suggest that the virus evolved silently in the swine host until its introduction to the human population, 32 after which it disseminated rapidly among humans and frequently spilled over from humans to pigs. possibility that an heterogeneous mixture of viruses at the nucleotide level is produced within an infected host, as only the majority or consensus sequences are generated based on Sanger sequencing methods. Therefore, more detailed studies are needed to confirm the relationships described here.
Nonetheless, the data presented here also provide evidence of a possible swine-to-human influenza virus transmission. A technician became ill after entering a herd during a confirmed influenza outbreak. The onset of the illness was consistent with the influenza incubation period, suggesting that the visited swineherd was the most probable source of infection. Seven distinct clades of pandemic H1N1 viruses were identified globally circulating in the beginning of the pandemic. 33 The HA substitution S203T combined with NA V106I and N248D found in 18 of the 20 swine isolates and in the human isolate described here suggests that these Brazilian isolates might be members of clade 7 of pH1N1. 33 Isolate 7/ 2009 could be clustered with clade 6 because it did not show the HA substitution. Interestingly, isolate 14/2009, which did not have the N248D NA mutation, cannot be clustered within any of the seven clades. However, a detailed amino acid analysis of all eight viral genes is necessary to confirm these assumptions. It has been demonstrated that pandemic H1N1 2009 evolved and shifted from an initial mixed clade pattern to a clade 7-predominant pattern. 34 The subsequent selection and evolution of clade 7 resulted in the circulation of variants D222G/N or E. 35 Mutation D222G in the hemagglutinin protein has been correlated with the clinical onset of disease, and it was frequently found in severe/fatal cases of the pandemic influenza in humans. 36 Likewise, the substitution D222N, which was observed in isolates 19/2010 and 20/2010, is more frequent among fatal cases of the disease in humans. 37 However, the animals from which those viruses were isolated did not show signs of severe disease.
The genetic and antigenic characterization of influenza viruses in swine populations worldwide is critical for understanding the epidemiology of the infection in that species and allowing the selection of ideal vaccine strains. Monitoring of Brazilian swineherds is necessary for establishing better control measures for swine influenza and reducing the risk of the introduction of novel strains to the susceptible human population that can lead to a pandemic. Furthermore, vaccination against swine influenza is not practiced in Brazilian herds; hence, pigs in Brazil may not have protective immunity. Together, our results suggest that the pandemic H1N1 subtype has become established in Brazilian swine populations and may become endemic in the country. 
